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f Abstract Metallocluster-containing enzymes catalyze some of the most
basic redox transformations in the biosphere. The reactions catalyzed by these
enzymes typically involve small molecules such as N2, CO, and H2 that are used
to generate both chemical building blocks and energy for metabolic purposes.
During the past decade, structures have been established for the iron-sulfur-based
metalloclusters present in the molybdenum nitrogenase, the iron-only hydroge-
nase, and the nickel– carbon monoxide dehydrogenase, and for the copper-
sulfide-based cluster in nitrous oxide reductase. Although these clusters are built
from interactions observed in simpler metalloproteins, they contain novel features
that may be relevant for their catalytic function. The mechanisms of metalloclus-
ter-containing enzymes are still poorly defined and represent substantial and
continuing challenges to biochemists, biophysicists, and synthetic chemists.
These proteins also provide a window into the union of the biological and
inorganic worlds that may have been relevant to the early evolution of biochem-
ical catalysis.
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INTRODUCTION
Among the most remarkable chemical transformations in biological systems are
the oxidation-reduction reactions of some of the smallest molecules, including
N2, CO, and H2. Redox processes involving these species not only generate basic
chemical building blocks required by living organisms but can also generate the
energy needed to fuel their metabolisms. Although binding sites of exquisite
specificity for molecules ranging from small organic metabolites to enormous
macromolecules can be constructed from the standard amino acids and nucleo-
tides, these groups are poorly suited for binding and catalyzing the redox
reactions of diatomic and similar molecules. Consequently, it is necessary to
incorporate specialized metallocofactors into enzymes to provide the binding
interactions for these small substrates, as well as to confer the catalytic capabil-
ities necessary to achieve the desired transformations. Metalloclusters also
provide a fascinating window into the union of the biological and inorganic
worlds that may have arisen early in evolution to effect the metabolism of small
molecules required to drive the energetic and growth needs of primitive organ-
isms. Indeed, it has been proposed that before an RNA world could even exist,
the central biochemical processes arose from a surface-based metabolism on the
iron-sulfur-containing mineral pyrite (1). What may be the vestiges of this
metabolism can perhaps still be perceived in these contemporary clusters.
This review surveys the metalloclusters that have been structurally character-
ized in enzymes (Figure 1). Although the choice of clusters covered is partly
subjective, in general they are involved in an enzymatic activity, contain at least
four metals with a minimal contribution from organic components, and are
sufficiently notorious that they have been assigned a name such as H-cluster or
cluster C or even simply cofactor to designate a target of interest to biochemists,
biophysicists, and synthetic chemists. With this definition, protein-bound bi- and
trinuclear clusters catalyzing a rich variety of reactions, most notably involving
dioxygen, are omitted (see 2–4 for relevant discussions), and the well-charac-
terized iron-sulfur clusters (5) containing up to four irons are only briefly
discussed as background to their more complex relatives. Following an intro-
duction to some basic features of metalloproteins, specific metalloclusters are
discussed, concluding with an overview of the general themes and features of
these systems.
Basic Features of Redox Active Metalloproteins
Metallocluster-containing enzymes represent a subset of the large and varied
family of metalloproteins (2, 4, 6, 7). Not surprisingly, metalloproteins contain
two basic components, protein and metals. The metallo-components can consist
of one or more metals, along with associated inorganic and otherwise nonprotein
groups coordinated to the metals. These two basic elements interact through the
protein ligands. For the metalloclusters covered in this review, the most relevant
metals involve first-row transition metals, notably iron, along with nickel,
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copper, and manganese. Occasionally, these clusters are fleshed out with a
second-row transition element, molybdenum. Inorganic ligands to these metals
include relatively simple species, such as sulfide (S2), water (as either H2O or
OH), carbon monoxide (CO), and cyanide (CN); more complex molecules can
also be utilized as ligands, including homocitrate and dithiols. The most common
protein ligands for coordinating metalloclusters are cysteine, particularly as an
iron ligand, and histidine, as a copper ligand. Typical distances for metal-ligand
bonds for first-row transition metals with nitrogens in histidine side chains are
Figure 1 Overview of the metalloclusters discussed in this review: the FeMo-
cofactor and P-cluster of the nitrogenase molybdenum-iron protein [Protein Data
Bank (PDB) (124,125) coordinate set 3MIN]; the H-cluster of the iron-only hydro-
genase (PDB coordinate set 1FEH); cluster C of nickel CO dehydrogenase (PDB
coordinate set 1JJY); and the CuZ center of nitrous oxide reductase (PDB coordinate
set 1QNI). Molecular figures in this chapter were prepared with the program
MOLSCRIPT (126).
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2.0–2.1 Å, and with the cysteine S, bond distances are somewhat longer at
2.3 Å (8). These distances decrease as the oxidation state increases and the
coordination number decreases. By no means are metal ligands restricted to
cysteine and histidine, however; examination of crystallographically character-
ized metalloproteins reveals that essentially any protein group that can coordinate
a metal does so, from the amino-terminal nitrogen in cytochrome f (9) to the
carboxy-terminal carboxylate in lipoxygenase (10), and everything in between.
In addition to the liganding groups, the metal coordination is generally assigned
in terms of an idealized geometry (Figure 2), such as tetrahedral, trigonal
bipyramid, or octahedral, although this can only be an approximate description
given the asymmetric nature of the protein ligand.
Since metallocluster-containing enzymes are observed to catalyze electron
transfer processes, their oxidation-reduction properties are critical to their func-
tion. The reduction potential, E°, provides a measure of the thermodynamic
tendency for an oxidized species, Aox, to accept n electrons and become reduced
to Ared at pH 7:
AOX  ne3 Ared.
The change in reduction potential, E°, for a reaction is related to the standard
free energy change, G°, through the relationship
G°nE°,
where  is the Faraday constant that equals 23.1 kcal/V or 96.5 kJ/V. Since
spontaneously occurring processes are characterized by G  0, the equivalent
condition for redox processes is E  0. Consequently, electrons are transferred
from a reduced species of lower potential to an oxidized species of higher
potential (at least under standard-state conditions), which means that electrons
tend to be shuttled toward groups with higher E°. Limits on the physiologically
relevant range of E° values at pH 7 and under aerobic conditions are set by the
H and O2 reduction potentials:
2H  2e3 H2 E°  0.42 V
1/2O2  2H  2e3 H2O E°  0.82 V.
Figure 2 Schematic representations of idealized coordination geometries of metal
centers found in proteins.
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In addition to thermodynamic considerations that establish the direction and
driving force for electron transfer reactions, the kinetics of these processes are
also crucial to the functioning of redox enzymes. Metalloclusters are incorpo-
rated into enzymes as part of a more extensive circuitry involving sequences of
metallocenters that serve to shuttle electrons into and out of the active site
(Figure 3). Consequently, the overall reaction rate may depend not only on the
rate of the redox reaction with the substrate, but also on the rate at which
electrons can be moved around. (Similar considerations apply to protons, which
are often consumed or produced in these reactions.) The rate of electron transfer
between two centers depends, among other factors, on their separation, with an
exponential decrease in rate generally observed with increasing separation (see
11–13). Surveys of the separation between redox centers in proteins reveals a
strong tendency for these centers to be separated by 10–14 Å (13); the
metallocluster enzymes discussed in this chapter reflect this same organizational
theme. At these separations, the rates of electron transfer should be greater than
106 sec1, and so exceed the range of turnover rates (1 sec1 to 104 sec1)
typically observed for electron transfer proteins (13).
Iron-Sulfur Proteins
Since the majority of metalloclusters discussed are in the iron-sulfur (Fe-S)
cluster family, these provide an instructive starting point for discussing the
interplay between the inorganic and protein worlds (5, 14 –16). Fe-S proteins
are organized around Fe ions that almost exclusively exhibit tetrahedral
coordination to S ligands, provided either by the S of cysteines or by
bridging sulfides. The basic cluster types widely observed in metalloproteins
include systems with one, two, three, and four iron-containing clusters
Figure 3 Sequences of electron transfer carriers in the metallocluster-containing
enzymes (from left to right) nitrogenase, iron-only hydrogenase, CO dehydrogenase,
and nitrous oxide reductase. The vertical bar on the left indicates 15 Å. The
orientations are such that the redox centers are roughly in the plane normal to the
direction of view.
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(Figure 4). Clusters containing multiple iron atoms can be considered
higher-order derivatives of the simpler Fe-S centers. For example, the
tetranuclear [4Fe-4S] clusters can be regarded as two fused binuclear iron
clusters, with two terminal ligands replaced by bridging sulfides, to give a
“cubane” type structure that is typically coordinated to the protein by four
cysteine thiols. Trinuclear [3Fe-4S] clusters appear to be derived from
[4Fe-4S] clusters by the removal of one iron. These clusters can be consid-
ered as constructed, in a formal if not a mechanistic sense, from a funda-
mental Fe2S2 rhomb that varies relatively little in structure between different
clusters. These rhombs are nearly, but not exactly, planar, as reflected in the
magnitude of the S-Fe-S-Fe torsion angle of 18°. In a survey of high-
resolution structures of [4Fe-4S] clusters (17), the Fe-S, Fe-Fe, and S-S
distances average 2.29 Å, 2.68 Å, and 3.64 Å, respectively, with average
S-Fe-S and Fe-S-Fe angles of 105.5° and 71.8°, respectively.
For Fe-S clusters, the number of potential oxidation states increases as the
number of metals increases. Assuming each iron can, at least formally, exist
in the ferric (Fe3) and ferrous (Fe2) oxidation states, and neglecting
ligand-based oxidation events, then an Fe-S cluster with n irons can exhibit
a maximum of n  1 oxidation states. To represent these states, a shorthand
convention is used to describe the charge of a cluster by summing the formal
oxidation states of the cluster components, while neglecting the protein
ligands. For example, there are five potential states of the [4Fe-4S] clusters,
ranging from the all-ferric [4Fe-4S]4 form through the [4Fe-4S]3, [4Fe-
4S]2, and [4Fe-4S]1 clusters to the all-ferrous [4Fe-4S]0 state. (In all cases,
the bridging sulfides are assigned as S2). The 2 and 1 states are utilized
by bacterial ferredoxins; the 3 and 2 states by high-potential iron proteins
(HiPIPs); and the nitrogenase iron protein can adopt the 2, 1, and 0 forms.
The all-ferric [4Fe-4S]4 cluster has yet to be observed in proteins. In
general, iron-sulfur clusters tend to have low reduction potentials with E° 	
0.4 V (15), and hence often participate in the reduction of other proteins or
Figure 4 Schematic representations of the basic types of Fe-S clusters containing
one to four irons.
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small molecules. The exceptions to this generalization are the HiPIPs that go
between the two most oxidized forms that are observed for the four iron
clusters, [4Fe-4S]3 and [4Fe-4S]2, and hence have relatively high poten-
tials of E° 	 0.35 V, and the mononuclear rubredoxins with E° 	 0 V.
METALLOCLUSTER-CONTAINING ENZYMES
Nitrogenase
Nitrogenase catalyzes the reduction of atmospheric dinitrogen to the metaboli-
cally usable form of ammonia during the process of biological nitrogen fixation
(for recent reviews of nitrogenase, see 18–22). The development of this activity
would have been essential to supply nitrogen in a metabolically usable form for
biosynthetic reactions when natural sources of fixed nitrogen were exhausted.
Although the timing of this transition is uncertain, a recent proposal suggests this
might have occurred following a steep fall in the rate of abiotic nitrogen fixation
by lightning that accompanied decreases in atmospheric CO2 content during the
Archaean period 3 billion years ago (23, 24). From that time until the advent
of the Haber-Bosch process for ammonia synthesis in the early part of the
twentieth century, nitrogenase has provided the dominant mechanism for the
production of fixed nitrogen. The industrial synthesis of ammonia has had a
significant impact on agriculture and has been responsible for the ability of the
Earth to sustain a substantial population increase during the last century (25).
In addition to dinitrogen reduction, nitrogenase can catalyze the reduction of
protons to dihydrogen, so nitrogenase is also a hydrogenase. Indeed, the nitro-
genase-catalyzed formation of hydrogen by cyanobacteria has been suggested to
represent a significant contribution to the global removal of reducing power
accompanying the buildup of oxygen on the Earth (26, 27). Nitrogenase is also
able to reduce nonphysiological substrates such as acetylene that are typically
small molecules with unsaturated bonds. Reduction potentials (28) for these
nitrogenase substrates,
N2  8H  6e3 2NH4 E°  0.28 V
2H  2e3 H2 ———E°  0.41 V
C2H2  2H  2e3 C2H4 E°  0.23 V,
demonstrate that these reactions are thermodynamically favorable when coupled
to the oxidation of a ferredoxin or other small protein involved in electron
transfer and with a potential of 0.4 V or less. Despite this favorable
thermodynamic assessment, substrate reduction is coupled to the hydrolysis of
substantial amounts of ATP, with a limiting stoichiometry believed to be two
ATPs hydrolyzed per electron transferred. The mechanistic basis for this ATP
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requirement has been extensively discussed (see 29–31) and is believed to reflect
the utilization of ATP hydrolysis as a timing mechanism for driving a series of
conformational changes, or for the production of super-reducing electrons.
Nitrogenase is not a single protein but actually consists of two component
proteins, the iron (Fe) protein and the molybdenum-iron (MoFe) protein, so
named for their component metals. The Fe-protein is a dimer of two identical
subunits that symmetrically coordinate a single [4Fe-4S] cluster. Since the
Fe-protein binds two molecules of nucleotides (MgATP or MgADP) per dimer,
it is intimately associated with the coupling of ATP hydrolysis to electron
transfer. The MoFe-protein is an 22 heterotetramer, composed of homologous
 and  subunits, that contains two copies each of two extraordinary metallo-
clusters, the FeMo-cofactor (also called the M-cluster or simply the cofactor) and
the P-cluster. The M and P nomenclature for these clusters derives from early
Mo¨ssbauer spectroscopy studies that assigned iron sites to either a “magnetic”
(M) or “protein” (P) cluster within the MoFe-protein (32). The nitrogenase
proteins and associated metalloclusters have been extensively characterized
crystallographically, with structures available for the MoFe-protein from Azoto-
bacter vinelandii (33–36), Clostridium pasteurianum (37, 38), and Klebsiella
pasteurianum (39), and for the Fe-protein from A. vinelandii (17, 40–43) and C.
pasteurianum (41). Complexes of the nitrogenase proteins have been character-
ized crystallographically (44, 45) and by small-angle scattering (46, 47).
The P-cluster and FeMo-cofactor each contain eight metals, and their struc-
tures (Figure 5A) (33, 35, 37, 39) can perhaps be most easily visualized in terms
of the juxtaposition of two [4Fe-4S] clusters, which also highlights the presence
of Fe2S2 rhombs in these structures. The P-cluster in the dithionite-reduced PN
state can be constructed, at least mentally, by superimposing one of the sulfur
atoms from each cube to create a [8Fe-7S] cluster with a hexacoordinate sulfur
(defined as atom S1). The relative orientation of the two clusters can be specified
from the 130° angle between the Fe7-S1 and Fe3-S1 vectors that roughly
coincide with the directions of the threefold axes of each cluster that contain the
hexacoordinate S. The overall symmetry of the P-cluster in this state is approx-
imately C2v, i.e. a twofold axis passes through the S1 sulfur at the intersection of
two perpendicular mirror planes. The coordination spheres of the eight irons are
completed by the S of six cysteines; four cysteines coordinate single irons and
the remaining two cysteines each bridge two irons from the separate subclusters.
The overall coordination geometries for all the irons in this structure are
approximately tetrahedral. The quasi-twofold axis that relates the two halves of
the P-cluster also extends to the protein surroundings; the P-clusters sit at the
interface between an  and a  subunit, which are related by this twofold axis,
including the ligands.
Changes in P-cluster structure with oxidation state have been observed that
deviate from this nice, symmetrical picture (35). For example, in a form of the
P-cluster that has been associated with the POX state, which is oxidized by two
electrons relative to PN (48, 49), two of the irons, Fe5 and Fe6 in the subcluster
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Figure 5 Structure and environment of the MoFe-protein metallocenters. (A)
Structural models for the nitrogenase FeMo-cofactor and P-cluster in the PN and POX
states [PDB coordinate sets 2MIN and 3MIN]. Liganding residues and selected
cluster atoms discussed in the text are labeled. (B) The environment surrounding the
nitrogenase metalloclusters. Residues 63–72 adopt a helical conformation that
extends between the P-cluster and the FeMo-cofactor, including residues 69–74 that
form a -helix, as defined by the program DSSP (127). Substitutions of the indicated
residues have been shown to influence the substrate reduction activity of nitrogenase.
The buried water molecules surrounding the homocitrate could participate in the
transfer of substrates and protons to the active site.
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associated with the  subunit, move away from the hexacoordinate sulfur. These
interactions are each replaced by protein ligands, with the amide N of the cluster
ligand Cys 88 and the side chain hydroxyl of Ser 188 coordinating Fe5 and
Fe6, respectively. Consequently, although there are changes in structure and
coordinating ligands, all the irons remain four-coordinate in the POX structure. It
is possible that these changes in coordination may provide a mechanism for the
coupling of proton and electron transfer processes in nitrogenase.
The overall inorganic composition of the FeMo-cofactor is [1Mo-7Fe-9S],
with the whole assembly coordinated to the protein through only two residues,
one attached to each end. Additional nonprotein ligands to the molybdenum are
provided by a homocitrate group. Somewhat surprisingly, the FeMo-cofactor is
in many ways similar in overall construction to the P-cluster, although there are
several important distinctions:
1. There is no hexacoordinate sulfur in the FeMo-cofactor.
2. The threefold axes of the two subclusters are coincident, so that the overall
structure has an approximate threefold symmetry.
3. The molybdenum sits on this threefold axis, coordinated to the side chain
N1 atom of His 442. The coordination shell of the Mo is completed by the
hydroxyl and carboxylate oxygens of a homocitrate moiety to give an overall
octahedral geometry.
4. The Fe site (designated Fe1) on the opposite end of the FeMo-cofactor from
the Mo is coordinated by the side chain of Cys 275 to give an overall tetrahedral
geometry.
5. Instead of being coordinated by the sulfhydryl groups of bridging cysteines,
as in the P-clusters, the coordination spheres of the six remaining irons are filled
by sulfurs (presumably sulfides) that bridge pairs of irons in different subclusters.
As a result, these six irons are each three-coordinate, which was undoubtedly the
most surprising and unexpected feature of the cofactor structure (33). The
relatively short distances (2.5–2.6 Å) between irons in the different subclusters
suggests that Fe–Fe bonds are present, and it has been proposed that changes in
these interactions with the number of electrons in the cofactor may be important
for the binding and reduction of dinitrogen (50).
It has been not yet been possible to unambiguously establish the net charge of
either the FeMo-cofactor or the P-cluster in any oxidation state, but the most
likely descriptions suggest that the majority of irons in each cluster may be
assigned to the reduced ferrous state. The presence of few negatively charged
protein ligands to these cofactors may help stabilize what would otherwise be
relatively reduced forms of iron-sulfur clusters. In the as-isolated form of the
MoFe-protein prepared with dithionite, the Mo¨ssbauer spectroscopic data suggest
that all the irons are ferrous in the PN state, to give an overall [8Fe-7S]2 (51).
A variety of other oxidized forms of the P-cluster have been identified, although
forms more highly reduced than PN have not yet been described. The consensus
for the FeMo-cofactor in the as-isolated MN state is that the molybdenum is in the
4 oxidation state; recent spectroscopic studies have been interpreted either as
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[Mo-7Fe-9S]1 (52), with six ferrous and one ferric (with all sulfurs as S2) or
as [Mo-7Fe-9S]3 (53), with four ferrous and three ferric irons. One-electron
reduced and oxidized forms of the FeMo-cofactor, relative to MN, have also been
observed.
Although it is not within the stated focus of this review, the Fe-protein also
exhibits unusual redox properties for a [4Fe-4S] cluster. Traditionally, this
[4Fe-4S] cluster was believed to undergo a one-electron redox cycle between the
[4Fe-4S]2 and [4Fe-4S]1 states. The ability of Fe-protein to both serve as a
one-electron donor and bind two ATPs supported the idea that both ATPs are
hydrolyzed during interprotein electron transfer to yield an overall ATP/e ratio
of 2. More recently, an all-ferrous [4Fe-4S]0 form of the Fe-protein cluster has
been prepared (54, 55), which is the first known example of this oxidation state
for a [4Fe-4S] cluster, either in proteins or model compounds. Furthermore,
Fe-protein is the only known example of a native, protein-bound [4Fe-4S] cluster
that can exist in more than two oxidation states. Although the ability of
Fe-protein to potentially serve as a two-electron donor is attractive (since all
known substrates of nitrogenase are reduced by multiples of two electrons), the
mechanistic relevance of the all-ferrous form of the Fe-protein remains to be
definitively established; however, an ATP/e ratio near 1 with this state has been
reported (56).
Although it is commonly assumed that substrates and inhibitors of nitrogenase
bind to a metallocluster, most likely the FeMo-cofactor (indeed, it would be
astonishing if this were not the case), direct demonstration of this binding has
been exceedingly difficult for any substrate, particularly dinitrogen. Neverthe-
less, a variety of mechanistic proposals have been presented, inspired by model
chemistry and the cofactor structure (see the collection of commentaries in
57–61). Much attention has been focused on the possible role of molybdenum as
the site for substrate binding and reduction (see 62), although since the unusual
coordination environment of the irons in the FeMo-cofactor was crystallographi-
cally established, the possibility that ligands may bind to one or more iron sites
on the cofactor has received increasing attention (63). It is fair to say at this
moment, however, that the debate is still more philosophical than scientific, as no
compelling experimental studies on nitrogenase or model systems have been
presented that conclusively identify the modes of substrate binding, much less the
sequence of electron and proton transfer to substrates. The best-characterized
ligand in terms of cluster binding properties is carbon monoxide. CO inhibits the
reduction of all substrates, including N2, with the notable exception of H.
Hoffman and coworkers have been able to demonstrate that CO can bind to iron
sites on the FeMo-cofactor under turnover conditions through ingenious spec-
troscopic experiments utilizing isotopically substituted CO and cofactor (64).
These studies have been interpreted in terms of multiple binding modes of the
CO to the cofactor that vary in affinity and bonding interactions (65). CO binding
to the MoFe-protein has also been monitored by stopped-flow infrared spectros-
copy, which again indicates the binding of multiple COs to a metallocluster (66).
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The straightforward approach to resolving this situation—addition of sub-
strates or inhibitors to crystals of the MoFe-protein and establishing the binding
sites crystallographically—is apparently precluded by the failure of substrates
and other ligands to bind to MoFe-protein in the dithionite reduced state (67).
Instead, substrate binding requires more highly reduced forms of the MoFe-
protein that have been produced only under turnover conditions and have not
been mimicked otherwise. Variants with altered substrate reduction properties
may provide an approach to trapping liganded forms for crystallographic study
(67a).
Mutagenesis studies have clearly indicated that substitution of residues sur-
rounding the FeMo-cofactor can dramatically influence the substrate reduction
properties of nitrogenase (68–73). Most residues surrounding the cofactor are
highly conserved in various MoFe-proteins, and their substitution has definite, if
not mechanistically understandable, consequences for substrate reduction. In a
recent set of studies, Dean and coworkers have selected variants of the MoFe-
protein that have altered substrate reduction properties (73). These studies
identified a Gly 69 to Ser variant that can still fix dinitrogen but is less efficient
at reducing acetylene. This residue is positioned in a structurally interesting
region (Figure 5B); it is adjacent to Val 70, a conserved residue sitting over one
of the middle faces of the cofactor adjacent to the side chain of Arg 96. The side
chains of conserved residues His 195 and Gln 191 could also potentially
interact with sulfurs on this same face, which Seefeldt and Dean have proposed
represents the substrate binding site (73). Substitutions of residues in this region
alter the substrate reduction properties, although so does substitution of residues
in other locations around the cofactor (70). Intriguingly, residues 69–74 adopt
a relatively rare -helix conformation that differs from the much more common
-helix in having an extra residue per turn. Although infrequent, -helices have
been noted to occur near active sites and regions that undergo conformational
changes (74, 75), perhaps through hydrogen bonding interactions provided by
exposed peptide groups at the ends of the -helix.
In addition to substrates, nitrogen fixation also requires sources of elec-
trons and protons. The likely path of electron transfer into the active site of
nitrogenase was revealed in the structures of complexes between the Fe-pro-
tein and MoFe-protein, originally stabilized by ADPAlF4 (44) and more
recently with the L127 deletion variant of the Fe-protein (45). The relative
positions of the metalloclusters observed in these structures indicate that
electron transfer from the Fe-protein to the FeMo-cofactor proceeds through
the P-clusters with edge-to-edge distances of 14 Å between the three
centers. Comparison of the free and bound forms of Fe-protein indicate that
significant rearrangements take place in a loop that contains both cluster
ligands and groups responsible for nucleotide hydrolysis, which have the net
effect of pushing the cluster closer to the MoFe-protein. These considerations
suggest that the conformation of this region required for ATP hydrolysis
should also facilitate interprotein electron transfer, and that one role of the
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nucleotide is to orchestrate a series of conformational changes required to
“open” and “close” this electron gate between the proteins. In addition to the
electrons, at least eight protons are also required for the (ultimate) formation
of two NH4 from each dinitrogen reduced, along with any protons involved
in H2 evolution. The pathways of proton transfer have not been characterized,
although the homocitrate, including the surrounding pool of buried waters,
neighboring conserved histidines (particularly 195), and the cluster sulfurs
are reasonable suspects for participating in this process (Figure 5B).
Iron-Only Hydrogenase
Hydrogenases (76–81a) catalyze one of the simplest possible reactions, namely
the reversible reduction of protons to form dihydrogen:
2H  2e7 H2 E°  0.41 V.
In the direction of hydrogen evolution, the hydrogenase reaction represents a
mechanism for anaerobic organisms to discharge excess reducing equivalents. In
the hydrogen uptake direction, dihydrogen is used as a source of reducing
equivalents to produce metabolic energy or reduced metabolites. There are two
basic types of dedicated, metal-based hydrogenases: the NiFe-containing and the
Fe-only hydrogenases, in addition to enzymes such as nitrogenase that apparently
produce hydrogen as a side reaction. Although both hydrogenases contain
interesting metallocenters, the NiFe-hydrogenase utilizes a binuclear active site,
whereas the Fe-only hydrogenase contains a metallocluster that satisfies the
inclusion criteria and is detailed below.
Comparison of Fe-only hydrogenases from various sources indicates that they
form a homologous family organized around a common polypeptide core that
coordinates the active site H-cluster, often in combination with other domains
that contain additional redox centers (reviewed in 77, 81–83). The H-cluster was
so designated because it was implicated as the site of hydrogenase activity. Prior
to the structure determinations of the C. pasteurianum (Cp) and Desulfovibrio
desulfuricans (Dd) Fe-only hydrogenases (84, 85), it was anticipated that the
H-cluster contained six irons in a distinctive arrangement (see 77). The crystal-
lographic analyses established that the H-cluster consists of a binuclear Fe-site
coordinated to a [4Fe-4S] cluster through a cysteine ligand that bridges the
cluster to the proximal iron, designated Fe1 (Figure 6A). Both irons in the
binuclear cluster have an octahedral coordination sphere that contains two
diatomic ligands, cyanide and CO, as indicated by infrared spectroscopic studies
(86). As these ligands cannot be unambiguously distinguished crystallographi-
cally, the positioning of these diatomic groups in the structures is inferred on the
basis of hydrogen bonding patterns. In the (partially) oxidized Cp structure (84),
another CO molecule serves to bridge the two irons. Upon reduction of the Dd
enzyme, this bridging ligand becomes a terminal ligand to Fe2 (87). One of the
many intriguing facets of the H-cluster is the presence of a still uncharacterized
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dithiol that provides two bridging sulfurs to the iron; possibilities include 1,3
propanedithiolate (85) or di-(thiomethyl)-amine (87, 88). The final coordination
site on Fe2 has been identified as a water in the Cp structure and is vacant in the
Dd enzyme. Fe2 likely provides the catalytic active site, since an inhibitory CO
molecule has been established to bind specifically at this site (89, 90). This
structure currently provides the only available crystal structure of a mechanisti-
cally relevant substrate/inhibitor bound to any of the metalloclusters discussed in
this review.
The Fe-only hydrogenase has been shown to utilize a heterolytic mechanism
that splits H2 into a proton and a hydride ion (see 76). From the crystallographic
analyses summarized above, it appears likely that the site of inhibitory CO
binding on Fe2 represents the site for displacement and formation of a bound
hydride intermediate. Several potential proton acceptors that surround this site
can participate in the transport of protons from the active site during dihydrogen
Figure 6 Active site metallocenters of hydrogenases. (A) Structural model for the
H-cluster of the iron-only hydrogenase [PDB coordinate set 1FEH], illustrating the
relationship between the [4Fe-4S] cluster and the binuclear center, bridged by the
thiol sulfur of Cys 503. The Fe1 and Fe2 sites are bridged by two sulfurs that are
part of an incompletely characterized dithiol. The diatomic ligands species present in
the coordination shell of Fe1 and Fe2 have been identified as CO and CN. (B)
Structure of the binuclear active site of the NiFe-hydrogenase [PDB coordinate set
2FRV]. Although a center corresponding to the [4Fe-4S] cluster of the iron-only
hydrogenase is not present, there are intriguing similarities between the two hydro-
genase active sites, particularly in the presence of the diatomic ligands and the
bridging thiols.
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uptake, or to the active site during dihydrogen formation. These residues are
conserved between different members of this family, and they include the side
chain of a lysine residue that hydrogen bonds to a putative cyanide ligand of Fe2,
and a cysteine that interacts with the coordinated water at this site (81). The
bridging sulfurs of the binuclear center could also participate in proton transfer.
A hydrophobic channel that extends from Fe2 to the protein surface has been
suggested to represent the pathway for H2 to move between the active site and the
external environment (85).
Although crystallographic approaches are well suited for establishing the
positions of heavy atoms, they are less well suited for establishing oxidation and
protonation states of these centers, and the characterization of reaction interme-
diates. Theoretical treatments are not troubled by such limitations, however, and
with the increasing power of computers and quantum chemical algorithms, these
approaches are making increasingly important contributions to our understanding
of metalloproteins. Hall and coworkers have probed the structures and energies
of a variety of potential intermediates in the hydrogenase mechanism using
density functional methods (88, 91). From these results, it is proposed that in the
fully oxidized, inactive form of the Fe-only hydrogenase, both Fe1 and Fe2 are
in the ferrous oxidation state. H2 is proposed to bind to a partially oxidized active
site that contains an Fe1–Fe2 unit, whereas the fully reduced form involves an
Fe1–Fe1 system. These conclusions provide an important cautionary tale about
focusing too narrowly on just the ferrous and ferric formal oxidation states of
iron in these systems. Of further interest, an analysis of the mechanism for the
heterolytic cleavage of H2 implicates one of the bridging sulfur ligands in the
subsequent process of proton transfer away from the active site.
Although the polypeptide folds of the NiFe-hydrogenase and Fe-only hydro-
genase are distinct, there are some similarities in the nature of the active site.
Crystallographic analyses of the NiFe-hydrogenase (see 92, 93) revealed that the
active site contains not only Ni, as anticipated, but also Fe (Figure 6B). The Ni
is coordinated by four cysteine residues, two of which are also ligands for the Fe.
The Fe is further coordinated by three diatomic ligands that have been assigned
as CO and CN (94, 95). A homologous protein that contains selenocysteine as
one of the Ni ligands has also been studied crystallographically (96). The
presence of binuclear assemblies with CO and CN ligands in both classes of
hydrogenases suggests there may be common mechanistic principles for these
enzymes (80).
Nickel-Containing Carbon Monoxide Dehydrogenase
Although it may surprise those of us who depend on oxygen-based respiratory
processes, carbon monoxide can be used as a fuel to drive metabolism by
coupling the oxidation of CO to the reduction of an electron acceptor such as H
in hydrogenogenic bacteria:
CO2  2H  2e3 CO  H2O E°  0.52 V.
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The oxidation of CO is catalyzed by carbon monoxide dehydrogenases (CODHs)
that come in two flavors, a molybdenum-cofactor-based system found in aerobic
organisms (97, 98) and a Ni CODH found in anaerobic organisms (reviewed in
99–101). The former is organized around an active center containing a single
molybdenum ion coordinated to the dithiolene sulfurs of a pterin ligand, whereas
the latter is based on a Ni-Fe-S cluster that is detailed below.
Nickel-containing CODHs found in anaerobic bacteria consist of an unusual
Ni-Fe-S center and two additional [4Fe-4S] clusters. The structural organization
of this protein has recently been determined for CODHs isolated from Carboxy-
dothermus hydrogenoformans (102) and Rhodospirillum rubrum (103). These
proteins are homodimeric, with each subunit containing a catalytic cluster C (the
Ni center corresponding to the site of CO oxidation), and a [4Fe-4S] cluster
(cluster B). In addition, a previously undetected [4Fe-4S] cluster (designated
cluster D to follow B and C) is symmetrically coordinated at the dimer interface
by ligands from both subunits. (Although not present in these particular enzymes,
certain CODHs are bifunctional and possess an acetyl-CoA synthase activity
associated with cluster A.)
The structure of the cluster C was revealed by the crystallographic analysis at
1.6 Å resolution of the C. hydrogenoformans CODH to be an unusual [Ni-4Fe-
5S] cluster (Figure 7A) coordinated to the protein through five cysteine and one
histidine ligands (102). The structure can be imagined by first picturing a
[4Fe-4S] cluster coordinated by four cysteine ligands, replacing one of the Fe by
a Ni, and then pulling apart one of the Ni–S bonds. An Fe-S unit is then inserted
into this opening, with the Fe coordination sphere completed by a cysteine and
a histidine; this Fe is labeled Fe1 and is in a distinctive environment relative to
the other three irons. The net result is that the irons exhibit roughly tetrahedral
coordination, whereas the Ni is approximately square planar, with three sulfides
and one cysteine sulfur ligand. The integration of the Ni into the Fe-S cluster was
completely unexpected, as most proposals prior to the crystal structure determi-
nation suggested that the Ni in cluster C was separated from a [4Fe-4S] cluster
by bridging ligands (see 100, 104).
The overall polypeptide fold and metallocenter arrangements of the C.
hydrogenoformans and R. rubrum CODHs are generally quite similar, as
expected from the55% sequence identity and 0.8 Å root mean square deviation
in C positions between these structures. Importantly, both structures agree that
the Ni site is integrated into an Fe-S-containing cluster. The most intriguing
distinction between the two involves cluster C, where, in contrast to the
[Ni-4Fe-5S] species identified in the C. hydrogenoformans CODH, the 2.8Å
resolution structure of the R. rubrum enzyme has been interpreted as consisting
of a mononuclear Fe adjacent to a [Ni-3Fe-4S] cluster; i.e., the overall compo-
sition of the cluster is [Ni-4Fe-4S] (Figure 7B). These forms are related by
removal of the sulfide that bridges the Ni and mononuclear Fe sites in the
C. hydrogenoformans enzyme, followed by repositioning the Cys 531 side chain
to coordinate both metals in the R. rubrum center. In addition to the sulfur
236 REES
A
nn
u.
 R
ev
. B
io
ch
em
. 2
00
2.
71
:2
21
-2
46
. D
ow
nl
oa
de
d 
fro
m
 ar
jou
rna
ls.
an
nu
alr
ev
iew
s.o
rg
by
 C
A
LI
FO
RN
IA
 IN
ST
IT
U
TE
 O
F 
TE
CH
N
O
LO
G
Y
 o
n 
08
/0
8/
05
. F
or
 p
er
so
na
l u
se
 o
nl
y.
content, a small, nonprotein ligand was observed coordinated to the apical site on
the nickel in the R. rubrum CODH. Obviously, the relationship between these
forms of the cluster observed in the two structures is an issue of great interest.
With the structure providing a framework for interpreting a variety of
spectroscopic and biochemical data, a mechanism for CO oxidation has been
proposed by Dobbek et al. that involves the Ni and Fe1 ions of cluster C (102).
In the first step, CO binds to the vacant apical coordination site of the Ni center
in the Ni2 state to form a nickel carbonyl species. This position corresponds to
the site of the small, nonprotein ligand observed in the R. rubrum CODH
structure (103). The adjacent Fe1 state, believed to be ferrous in the active form
of the enzyme, is proposed to serve as a hydroxyl-group donor for nucleophilic
attack on the nickel-bound CO. Oxidation of this species leaves two electrons in
cluster; as the Ni has not been observed in a paramagnetic state, it is likely that
the electrons become delocalized over the cluster. The protons that are released
Figure 7 Active site metalloclusters of nickel CO dehydrogenase and the hybrid cluster
protein. (A) Structural model of cluster C of the nickel-containing CO dehydrogenase from
C. hydrogenoformans, illustrating the protein coordination [PDB coordinate set 1JJY]. Ni1
exhibits approximately square planar coordination and is believed to be the site of CO
binding and oxidation. Fe1 may function in promoting nucleophilic attack of an OH group
on the nickel-bound CO. (B) Structural model of cluster C of the nickel-containing CO
dehydrogenase from R. rubrum [PDB coordinate set 1JQK (103)]. In comparison to the
cluster in the C. hydrogenoformans enzyme, the sulfide bridging the Ni and mononuclear
Fe sites is replaced through the bidentate coordination of these metals by the side chain of
Cys 531. (C) Structural model of the unusual redox center in the hybrid-cluster protein
(HCP) [PDB coordinate set 1E2U]. Although the function of this protein is unknown, it is
homologous to the nickel-containing CODH. In particular, residues His 244, Glu 268, and
Cys 459, which coordinate Fe7 of the HCP, correspond to the ligands for Fe1 and Ni1 (His
261, Cys 295, and Cys 526, respectively) in cluster C of CODH, possibly implicating this
region of the cluster in a putative substrate binding site. Of the remaining ligands, cysteines
312 and 434 and thiocysteine 406 of HCP correspond to cysteines 333, 476, and 446,
respectively, of cluster C.
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in this process can be shuttled away from the active site through conserved basic
residues Lys 563, His 93, and the Fe-ligand His 261 near the active site; the
cluster sulfurs could also potentially participate in this process. Substrate access
to and product egress from the buried active site may be mediated via a channel
that extends from the surface of the dimer along all the metal clusters (102); a
hydrophilic branch is suggested to be involved in water entry, and CO may
approach via a hydrophobic extension. Clusters B and D are positioned to
transfer the electrons produced by CO oxidation away from the buried active site.
Although the structure of the Mo-cofactor–containing CODH (97, 105) is
unrelated to that of Ni-CODH, mechanistically, CO oxidation is proposed to
proceed in both cases through attack of a metal-activated hydroxyl group on a
bound CO. In the case of the Mo-cofactor CODH, the active site contains an
unusual binuclear Mo-Cu center, with the two metals bridged by a sulfido group
(105). The molybdenum is coordinated by the two dithiolene sulfurs of the pterin
ligand, the sulfide group that bridges to the Cu site, and two oxygen (oxo or
hydroxo) ligands. In a proposed reaction mechanism, the CO molecule enters the
active site through a substrate channel to reach the oxidized (Mo6, Cu1) active
site and subsequently inserts between the Cu and the bridging sulfido ligand, to
give an open state of the cluster with the sulfido group covalently bonded to the
CO. The carbon atom of CO subsequently undergoes nucleophilic attack by the
Mo-OH species to generate CO2, with the Mo reduced to the 4 state. After
release of CO2, the center is oxidized via an electron transfer chain and the
hydroxo ligand is regenerated following water binding. Hence, in both the Mo-
and Ni-containing CODHs, a catalytically important role is proposed for a set of
two metals in the binding and oxidation of CO.
The Ni-CODH exhibits a striking structural similarity to the so-called hybrid-
cluster protein (HCP) (106–108), a protein of uncertain function most exten-
sively characterized from Desulfovibrio vulgaris. Not only are the polypeptide
folds of the two proteins quite similar, but clusters are present in HCP at the sites
corresponding to the clusters B and C of CODH. As HCP is a monomer, the
corresponding cluster D at the dimer interface of Ni-CODH is not observed. An
intriguing aspect of the HCP is the structure of an unusual cluster, designated the
hybrid cluster and positioned at the site corresponding to cluster C of CODH, that
contains four irons, two bridging sulfurs, and two bridging oxo ligands, along
with an additional disordered bridging ligand (Figure 7C). The protein coordi-
nation is rather idiosyncratic; two of the irons (Fe5 and Fe6) are coordinated by
single cysteine residues each and are roughly tetrahedral, Fe7 is coordinated by
His, Cys, and Glu side chains, and Fe8 is coordinated by a Glu and a sulfur from
an unusual thiocysteine ligand, resulting in an overall trigonal bipyramid geom-
etry. The authors suggest that the disordered bridging ligands between Fe5 and
Fe7 might represent the ligand binding site for an unknown catalytic activity
(108). Consistent with this general assignment, the ligands to Fe7 are equivalent
to those coordinating Fe1 and Ni1 in CODH. A large, mainly hydrophobic
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channel leads from the surface to the buried active site in the vicinity of this
group.
Nitrous Oxide Reductase
The nitrous oxide reductase (N2OR) of denitrifying bacteria catalyzes the final
step in the nitrogen cycle, the reduction of nitrous oxide (N2O) to dinitrogen,
thereby returning fixed nitrogen to the atmosphere (reviewed in 109–112):
N2O  2H  2e3 N2  H2O E°  1.36 V.
This is an energetically favorable transformation in which N2O serves as a
terminal acceptor for a nitrate/nitrite-based respiratory process. This reaction is
also of environmental relevance since it prevents atmospheric release of N2O,
which is a greenhouse gas.
N2OR is a homodimeric protein containing two types of centers, CuA and
CuZ, with CuZ associated with the active site for nitrous oxide reduction and
CuA playing an electron transfer role. Until recently, N2OR would not have been
included in a review focusing on metalloclusters, since both centers were
originally believed to be binuclear. Crystallographic analyses of the N2OR from
Pseudomonas nautica (113) and Paracoccus denitrificans (114) have established,
however, that whereas CuA contains the expected two coppers, CuZ is actually
an unusual tetra-copper cluster of previously unsuspected structure (Figure 8). In
the most recent structural results, the coppers in CuZ exhibit a butterfly arrange-
ment with Cu-Cu distances ranging from 2.5 Å to 3.4 Å. One of the copper
ions, designated Cu1, is somewhat more distant from the three other coppers. An
inorganic sulfur (114, 115) bridges the four coppers, and a bridging oxygen
Figure 8 Structure of the CuZ cen-
ter in nitrous oxide reductase [PDB
entry 1QNI]. The cluster sulfide inter-
acts with all four copper centers. Cu4
has been proposed to participate in
the binding of N2O, as it is coordi-
nated by only one histidine side
chain.
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ligand, possibly hydroxo, has been assigned between Cu1 and Cu4. The coor-
dination spheres are completed by seven histidine side chains; three coppers are
liganded by two histidines each, and Cu4 is coordinated by a single histidine
ligand. In general, each copper is roughly coplanar with the coordinating ligands.
N2O can potentially bind to the catalytic site through either the terminal
oxygen or nitrogen ends of the molecule, or possibly side-on. Although no
structure is available for a ligand bound to N2OR, it has been suggested (113)
that Cu4 represents the likely coordination site for substrate binding, since it has
only one His residue and coordinates the bridging oxygen species. N2O has been
proposed to bind via the oxygen to Cu4, which is suggested to be in the Cu2
state in the reduced cluster; the transfer of two electrons from the CuZ cluster to
the substrate results in cleavage of the N–O bond, liberating N2, with water
released following proton transfer. A mechanistic alternative has been suggested
(115) in which the O may be transferred to sulfur to create a sulfoxide that is
subsequently reduced. The proper oxidation state of the CuZ cluster for activity
is restored following electron transfer from the CuA cluster coordinated to the
adjacent subunit.
CONCLUDING REMARKS
At the current level of biochemical understanding, it appears that the metallo-
clusters discussed in this chapter are specialized for a unique catalytic activity;
i.e., in contrast to porphyrins or flavins that function in diverse enzymatic roles,
the FeMo-cofactor has been found only in nitrogenase, the H-cluster in iron-only
hydrogenases, etc. Despite these specialized roles, however, several common
features beyond their participation in multielectron redox reactions are present in
the structure and properties of these metalloclusters:
• Although the basic stereochemical principles exhibited in the structural
organization of metalloclusters are evident in simpler metalloproteins, the inte-
gration of these substructures into the complete assembly introduces exotic and
unanticipated features that may be relevant for catalytic activity. For example,
the dominant feature of the Fe-S-based metalloclusters is tetrahedrally coordi-
nated Fe sites with metal-ligand distances and angles typical of those observed in
simpler iron-sulfur clusters. Deviations from this behavior appear to be key
elements of catalytic capability, however, and include the integration of Ni into
the Fe-S cluster in CODH, the presence of octahedrally coordinated Fe with
diatomic ligands in the iron-only hydrogenase, or, more speculatively, the
trigonally coordinated Fe sites in the FeMo-cofactor.
• A common element of all these metalloclusters is the presence of sulfur,
either as a cysteine ligand or as a bridging sulfide, which serves as a chemical
glue to bond the components of the cluster together. The properties of sulfur have
many important consequences for metalloclusters (see 15, 79, 116); the forma-
tion of covalent bonds permits intimate coupling of ligand and metal orbitals
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essential for delocalization of electrons; sulfur is a redox active ligand, so that it
can participate directly in redox reactions; the ability of sulfur to serve as a proton
acceptor may have important mechanistic implications; and finally, sulfur can
potentially serve as a nucleophile to chemically attack substrates.
• Metalloclusters are incorporated into enzymes as part of a more extensive
circuitry involving sequences of redox centers that serve to shuttle electrons in
and out of the active site. These centers are typically spaced 10–14 Å apart (13)
and connect the active site with the surface binding sites for the partner proteins
in electron transfer. The passage of electrons along this chain has parallels to the
single-file motion of ions through the pores of ion channels with multiple binding
sites (117, 118). Intriguingly, these chains often involve redox groups coordi-
nated to different subunits in an oligomer.
• As protons are typically either generated or consumed during metallocluster-
catalyzed reactions, proton transfer chains are required to shuttle protons between
the solvent and the buried metallocluster. These processes can have a significant
influence on the reaction kinetics, as recently established in exquisite detail for
coupled proton and electron transfers to a buried [3Fe-4S] cluster in a ferredoxin
(119).
• Although the polypeptide folds of these metallocluster-containing enzymes are
all distinct, the Fe-S-containing proteins utilize a common Rossmann-type motif
consisting of four parallel -strands, arranged in the order 2–1–3–4 and flanked by
-helices, to provide many of the coordinating ligands (Figure 9). (In contrast, N2OR
adopts a -propeller fold (113) that, though also common, is distinct from the
Rossmann fold.) Curiously, although ferredoxins containing a [4Fe-4S] or a [3Fe-4S]
cluster may be considered the prototype of Fe-S proteins, and although the ferre-
doxin-type fold is one of the most common folds exhibited by polypeptides (120),
this fold has not yet been found to be involved in the coordination of complex
metalloclusters. The construction of these proteins from domains and multiple
subunits also provides an opportunity for channels to exist at various interfaces for
substrates and products to move between the active site and surface.
What’s Left?
During the past decade, many of the most prominent metalloclusters have been
structurally defined. Despite the seductive appeal of the detailed molecular descrip-
tions provided by these studies, significant gaps remain in our mechanistic under-
standings of these systems. As described in this review and elsewhere [see (20)],
however, recent advances in the biochemistry, molecular biology, model chemistry,
and theoretical analysis of metalloclusters, coupled with the ability to conduct
increasingly sophisticated spectroscopic analyses and to determine increasingly
accurate structures, provide grounds for optimism that detailed mechanistic descrip-
tions will be forthcoming. A particularly significant development toward this goal
will be the ability to quantitatively prepare and maintain the appropriate oxidation
states of metalloclusters required for ligand binding; this capability will greatly
facilitate the structural and spectroscopic characterization of liganded species that
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have so far been problematic to generate. In addition to these mechanistic issues, the
syntheses of these metalloclusters, both in the biological and chemical arenas,
remains a fascinating and challenging problem.
Despite the advances of the past decade, the list of metalloclusters awaiting
detailed structural characterization is by no means exhausted. Perhaps the most
outstanding case is the tetra-manganese-containing, oxygen-evolving complex of
photosystem II; tantalizing glimpses have been yielded by crystallographic analyses
at 4-Å resolution (121) that have defined, at least in outline, the overall shape of this
center. An engaging analysis of the possible structure(s) for this center has recently
appeared (121a). Establishing the structure of the oxygen-evolving complex will be
a significant step in understanding the mechanism of photosynthetic oxygen evolu-
tion, which has had dramatic geobiological consequences. The copper-containing C
and E centers of the particulate methane monooxygenase (122) are also likely to
reveal novel arrangements of metals that are able to catalyze the hydroxylation of
methane to methanol. In addition to mature cofactors, characterization of various
assembly intermediates will be significant in analyzing the biosynthetic mechanisms
Figure 9 Ribbon diagram illustrating a common structural motif associated with
coordination of Fe-S-related metalloclusters in nitrogenase, Fe-only hydrogenase,
and CO dehydrogenase. This motif consists of a four-stranded, parallel -sheet
surrounded by -helices. The order of strands in the sheet is 2-1-3-4, with the shading
of the strands progressing from strand 1 (lightest) to strand 4 (darkest). Only the
-helix between  strands 1 and 2 is illustrated for clarity. The protein ligands to the
cluster are typically found in the loops positioned between strands 3 and 4, and after
strand 4.
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of cluster formation; the cofactor synthesized by the protein product of the NifB gene
that provides iron and sulfur for the FeMo-cofactor of nitrogenase (123) is perhaps
the most notable target. Even after the structures of these clusters have been solved,
the ranks of the great metalloclusters will undoubtedly continue to expand with
increasing characterization of microorganisms that grow in extraordinary environ-
ments, and will hopefully illuminate modern biochemical processes while providing
chemical insights into early metabolic events.
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